The extraction behavior of rutherfordium (Rf) onto trioctylphosphine oxide (TOPO) resin from 2.0 -7.0 M HCl solutions was studied together with that of the homologues Zr and Hf. The extraction yields of Rf, Zr, and Hf increased with an increase of HCl concentration, and the sequence of their extraction was Zr > Hf ≥ Rf. It is suggested that the stability of the RfCl 4 ·2(TOPO) complex is lower than that of the corresponding species of the homologues.
Introduction
It is of great interest to study chemical properties of the transactinide elements with atomic numbers (Z) ≥ 104. One of the most important subjects is to establish the position of the elements at the extreme end of the periodic table. To this end we perform studies of chemical properties of these transactinides and compare them with those of their lighter homologues and with the ones expected from extrapolations in the periodic table. So far, chromatographic studies of the transactinides have provided experimental proof of placing rutherfordium (Rf, Z = 104) through hassium (Hs, Z = 108) into groups 4 to 8, respectively. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Quite recently, copernicium (Cn, Z = 112) has been shown to be a member of group 12.
11 To gain a better understanding, it is even more interesting to study chemical properties of the transactinide elements in greater detail and to compare those with the ones of their lighter homologues. Theoretical calculations predict that the ground state electronic structure of the heaviest elements varies due to strong relativistic effects. Accordingly, chemical properties of these elements may deviate from those expected from linear extrapolations based on lighter homologues. [12] [13] [14] Systematically, detailed chemical investigations are, therefore, required to characterize properties of the transactinide elements influenced by relativistic effects.
In general, rutherfordium shows chemical properties typical for a member of the group 4 of the periodic table. [3] [4] [5] [6] Chemical studies of Rf in HCl solution have been extensively conducted together with its lighter homologues Zr and Hf to compare these group-4 elements. [15] [16] [17] [18] [19] [20] The formation of anionic chloride species of Rf was investigated by anion-exchange chromatography in 4.0 -11.5 M HCl 15 using the Automated Ion-exchange separation apparatus coupled with the Detection system for Alpha (α) spectroscopy (AIDA). 15, [20] [21] [22] These results show that anionic complexes of the type [MCl 6 ] 2-(M = Rf, Zr, and Hf) are formed and it suggests that the complexing strength decreases in the order of Rf ≥ Zr > Hf. 15 The extraction behavior of Rf and its homologues into tri-n-butyl phosphate (TBP) from HCl has been also investigated. [17] [18] [19] [20] Czerwinski et al. first performed the extraction of Rf, Zr, and Hf from 8 -12 M HCl into 0.25 M TBP benzene solution and reported that the extraction yields of these elements increase as a function of HCl concentration in the order of Zr > Rf > Hf. 17 This order was afterwards revised by Kacher et al. to Zr > Hf > Rf > Ti by comparing the extraction yields of Rf with the reexamined extraction data of Ti, Zr, and Hf. 18 Günther et al. then showed the extraction sequence into TBP from 8.0 M HCl to be Zr > Rf > Hf. 19 Here reversed-phase chromatography experiments using the Automated Rapid Chemistry Apparatus (ARCA) 23 were carried out, and the earlier results reported in References 17 and 18 were criticized because of their unsatisfactory experimental conditions. 19 Recently, we performed TBP reversedphase extraction chromatography of Rf and its homologues in 7.2 -8.0 M HCl using AIDA. The extraction order Zr > Hf ≈ Rf 20 was found, which suggested that the stability of the extracted TBP complex of Rf (RfCl 4 ·2TBP) is lower than those of Zr and Hf. This interpretation was based on the different sequences in the TBP extraction and in the anion-exchange 15 , assuming that the sequence of the formation of MCl 4 in HCl solution is the same as that of [MCl 6 ] 2-. In the present work, the extraction behavior of Rf into trioctylphosphine oxide (TOPO) from 2.0 -7.0 M HCl solutions was investigated together with Zr and Hf. Trioctylphosphine oxide has a chemical structure similar to that of TBP and has a higher basicity value as a donor (8.9) 24, 25 than that of TBP (0.16). 24, 25 The effect of the basicity of organophosphorus compounds on the strength of the formation of a Rf complex was examined by comparing the extraction sequence of the group-4 elements into TOPO with that into TBP. 20 175 Lu(p, n) reactions, respectively, at the JAEA tandem accelerator. The produced radioisotopes were chemically separated from the target materials by an anion-exchange method 15 and were then stored as 11.6 M HCl solution. The concentration of the HCl solution was determined by titration with a standardized Na 2 CO 3 solution.
The TOPO resin was prepared by modifying a support material with TOPO dodecane solution. The support material was MCI GEL CHP20Y, a styrene-divinylbenzene copolymer with a particle size of about 30 µm and supplied by Mitsubishi Chemical Corporation. The weighted amount of TOPO dodecane solution was mixed with the same amount of CHP20Y resin and stirred for 10 min. We precisely adjusted the weight ratio of resin to the dodecane solution to be 50%. The prepared TOPO resin was then stored in a desiccator.
The stability and uniformity of TOPO on CHP20Y was examined by measuring extraction yields of 88 Zr and 175 Hf on the TOPO resin against storage time for several days. No variation of extraction yields versus the storage time was observed for Zr and Hf, showing that the resin is satisfactorily prepared. In the batch experiment, individual portions of 10 to 100 mg of the resin and 2.0 mL of 1.0 to 11.6 M HCl solution containing 50 µL of the radiotracer solution were mixed in a polypropylene tube for 1 h at 22 ± 1 o C. After centrifuging, a 1 mL aliquot was transferred to a polyethylene tube and was then subjected to γ-ray spectrometry using a Ge detector. A standard solution sample prepared by diluting 50 µL of the radiotracer solution to 1 mL with water in a polyethylene tube was assayed by γ-ray spectrometry. Control experiments were also performed to exclude adsorption of the radiotracers on the walls of the tubes. Rf reaction has the maximum cross section of 13 ± 3 nb. 27 The average beam intensity was 280 nA (particle . The transport efficiency of the He/KCl gas-jet system was estimated to be 35%. . The effluent was collected on a Ta disc as fraction 1. Then it was evaporated to dryness with hot He gas and a halogen heat lamp to prepare a sample for α-spectrometry. Reaction products remaining on the TOPO resin were stripped from the column with 350 µL of 2.0 M HCl at a flow rate of 1000 µL min -1 . This effluent was collected on another Ta disc and was prepared as fraction 2 by evaporation to dryness. Each Ta disc was transferred to the α-spectrometry station of AIDA equipped with eight 600 mm 2 passivated implanted planar silicon (PIPS) detectors. Counting efficiency and energy resolution of the detectors were 35% and about 90 keV FWHM, respectively. All events were registered event by event. After the α-particle measurement, the 493 keV γ-ray of 169 Hf was monitored using Ge detectors for every third pair of Ta discs to determine the extraction probability and the chemical yield. The percent extraction (%ext) on the resin is defined as %ext = 100 A 2 / (A 1 + A 2 ) with the radioactivities A 1 and A 2 (Bq) in fractions 1 and 2, respectively.
In experiments with 85 Zr and 169 Hf, reaction products transported by the He/KCl gas-jet were collected on the deposition site of AIDA for 180 s. The same procedure as used in the Rf experiments was applied to Zr and Hf. The effluent was fractionated in seven aliquots which were separately collected in seven polyethylene tubes. Remaining products on the column were stripped with 350 µL of 2.0 M HCl and were collected in a separate tube. For each tube the 416 keV and 370 keV γ-rays of 85 Zr and 169 Hf, respectively, were measured to obtain their elution curves. Vol. 11, No. 1, 2010 HCl, W h it e a nd Ross fou nd t hat Z r is ext ract e d a s ZrCl 4 ·2(TOPO). 28 Therefore, the extraction reaction of the neutral species can be written as 
Thus, the slopes of +2 obserbed for 88 Zr and 175 Hf in our experiment confirm that the MCl 4 ·2(TOPO) compound is extracted into the TOPO resin according to equation (2 99.5 ± 6.4 [17] [18] [19] [20] This is due to the higher basicity of TOPO compared to TBP. Extraction probabilities of Rf into TOPO are nearly the same as or slightly lower than those of Hf and are clearly lower than those of Zr. The extraction order is Zr > Hf ≥ Rf, which is a similar trend as the one observed previously in TBP. 20 The similar extraction behavior of Rf to that of Zr and Hf suggests that Rf is also extracted as RfCl 4 ·2(TOPO) through the same extraction reaction equation (1) as those of Zr and Hf.
Assuming that the formation sequence of extractable tetrachloride complexes of Rf, Zr, and Hf in HCl solution is the same as that of the hexachlorides (Rf > Zr > Hf) 15 previously demonstrated from the anion-exchange 15 and EXAFS studies, 32 the stability of the TOPO complex of Rf (RfCl 4 ·2TOPO) is lower than those of the Zr and Hf complexes, which is the same trend as that observed in the TBP extraction. Therefore, no significant difference in the relative stabilities of the extracted complexes of these group-4 elements is observed between the formation of TBP and TOPO complexes. This indicates that the extraction sequences between Rf, Zr, and Hf from HCl solution into TBP and TOPO do not strongly depend on the basicity of the extractant.
Conclusion
The extraction probabilities of Rf into TOPO from 2.0 to 7.0 M HCl solution increased with an increase of HCl concentration and the extraction order of the group-4 elements Rf, Zr, and Hf into TOPO was Zr > Hf ≥ Rf. This suggests that the stability of the RfCl 4 ·2(TOPO) complex is lower than that of the corresponding species of Zr and Hf. A basicity effect in the formation of TOPO and TBP complexes was not observed in the extraction sequence among Rf, Zr, and Hf in HCl. 
